Androgen deprivation therapy is commonly used in combination with radiotherapy as part of the definitive treatment for men with clinically localized and locally advanced prostate cancer. Androgen deprivation has been associated with a wide range of iatrogenic effects impacting a variety of body systems including metabolic, musculoskeletal, cardiovascular, neurocognitive, and sexual. This review aims to provide the radiation oncology community with the knowledge to monitor and manage androgen deprivation therapy toxicity in an effort to provide the highest level of care for patients and to minimize the iatrogenic effects of androgen deprivation as much as possible.
Introduction
As a consequence of the benefits observed in several randomized trials comparing radiotherapy (RT) to RT with androgen deprivation therapy (ADT) [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] , the use of ADT for the definitive treatment of clinically localized and locally advanced prostate cancer has become more commonplace [11] , although recent declines in use have been observed in Canada [12] . With more widespread use of ADT, better awareness of the toxicities associated with ADT is required. This is especially true considering the metabolic effects of ADT and the possible increased cardiovascular risk to patients, highlighted by the Lupron prescribing information that warns "increased risk of heart attack, sudden death, and stroke can occur in men using Lupron Depot" [13] . Radiation oncologists will play an important role in the screening and management of these associated toxicities as advisory statements from the American Heart Association, American Cancer Society, and American Urological Association, endorsed by the American Society for Radiation Oncology, affirms "there is no clear indication for patients for whom ADT is believed to be beneficial to be referred to internists, endocrinologists, or cardiologists for evaluation before initiation of ADT" [14] . While new referrals are not needed, clinicians should be mindful to inform the patient's established physician team including the general practitioner, cardiologist, or endocrinologist regarding the modality and duration of ADT to both request their participation in side effect management and keep them informed as surveillance proceeds. Despite the radiation oncologist's important role, a comprehensive review for the radiation oncologist of ADT toxicity and its management is lacking. The purpose of this paper is to provide the radiation oncology community with the knowledge to monitor and manage ADT toxicity in order to provide the highest quality care for patients and to prevent as much as possible the iatrogenic effects linked to the use of ADT.
ADT Administration
Androgen deprivation may be attained through a variety of means when prescribed along with radiation therapy. These have historically included orchiectomy [7] , luteinizing hormone-releasing hormone (LHRH) agonists [2, 6] , antiandrogens [15] , or combination of an anti-androgen and LHRH agonist [4, 10, 16, 17] . 
Metabolic Effects
The use of ADT has been associated with a wide range of metabolic alterations including weight gain, changes in lipid profile and worsening insulin resistance [18] . The impact and management of these alterations and their impact on cardiovascular morbidity and mortality are discussed here.
Weight Gain.
Men on ADT often note an increase in body fat and redistribution of weight. As few as 48 weeks of ADT can increase BMI by 2.4% [19] . Small prospective studies have demonstrated an 11% increase in fat mass, 16.5% increase in total abdominal fat, and a 3.8% decrease in lean body mass with one year of ADT [20, 21] . The impact of weight gain alone may be significant: a large European prospective study has shown that increasing waist circumference and BMI have been associated with higher risk of death in the general population [22] . Men on ADT should be made aware of the possibility of weight gain so that they can monitor their weight and adjust their diet and activity level as needed during the course of therapy. The American Heart Association suggests at least 150 minutes per week of moderate exercise or 75 minutes per week of vigorous exercise. An example beginner exercise regimen may be walking 30 minutes a day, five days a week. The US Department of Health and Human Services and the US Department of Agriculture have jointly published the Dietary Guidelines every five years since 1980 [23] . Appropriate caloric intake with a diet high in fruits and vegetables while low in solid fats, sugars, and salts, is key to a healthy diet. Patients can estimate their dietary needs and learn more at ChooseMyPlate.gov.
3.2.
Lipids. The effect of ADT on the lipid profile can also be significant. Less than one year of ADT can increase total cholesterol by 9%, increase LDL by 7.3%, and increase triglycerides by 26.5% [19] . The importance of lipid management has been seen in a meta-analysis of 900,000 people in the general population, where total cholesterol level has been directly associated with cardiovascular mortality at all blood pressure levels [24] . One management option for ADT-induced dyslipidemia is toremifene, which has been shown to significantly decrease total cholesterol, LDL, and triglyceride levels, as well as increase HDL levels in a phase III randomized trial [25] . The National Cholesterol Education Program Adult Treatment Panel III (NCEP ATP III) guidelines define the standard of care for lipid management in the general population and, as there are no guidelines specific to the population on ADT, these guidelines should generally be used to direct the management of ADT-induced dyslipidemia. Diet and lifestyle interventions, such as those discussed above, remain the first-line intervention, but statins should be initiated if needed to attain goals [26] .
Insulin Resistance.
Insulin resistance is associated with the use of ADT and can lead to an increase in the diagnosis of diabetes mellitus. Twelve weeks of ADT has been demonstrated to increase median serum insulin levels from 11.8 to 19.3 mU/L and reduce insulin sensitivity by 12.9% [27, 28] . An observational study of 37,000 men receiving ADT for prostate cancer noted an aHR of 1.28 for incident cases of diabetes mellitus [29] . This increased risk suggests a benefit to screening for diabetes in this population. The American Diabetes Association recommends screening atrisk populations with either a fasting plasma glucose test, hemoglobin A1c, or 2-hour oral glucose tolerance test. A baseline screening may help identify men with preexisting insulin resistance that may be at higher risk of diabetes during the course of ADT [30] . The most commonly used interventions for those with insulin resistance include lifestyle interventions and metformin. A randomized trial of 3,200 people with elevated glucose concentrations was randomized to lifestyle intervention, metformin (850 mg BID), or placebo. Lifestyle intervention reduced diabetes incidence by 58%, significantly more than metformin, which reduced it by 31% [31] . Once again, lifestyle intervention should be recommended to all patients receiving ADT, including education on diet, exercise, and weight loss.
Cardiovascular
The metabolic changes seen in men receiving ADT are concerning for their possible contribution to cardiovascular morbidity and mortality. Cardiovascular disease is already the leading cause of mortality in men with early stage prostate cancer [32] , so any possible increase in this risk should be taken seriously. However, the existing literature on the relationship between ADT and cardiovascular morbidity is somewhat mixed. A large VA observational study demonstrated an aHR of 1.28 for myocardial infarction and 1.22 for sudden cardiac death for men on ADT [29] , while another large retrospective study demonstrated a 20% increase in cardiovascular events with 12 months of ADT [14] . This increase has also been shown in men older than 65, who were noted to have a shorter time to fatal MI with a history of ADT use for as short as 3 months [33] . Other analyses have shown no correlation between ADT use and cardiovascular mortality. For example, the 8-year followup of RTOG 85-31 [34] and 10-year followup of EORTC 22863 [35] conclude that GnRH agonist use does not significantly increase cardiovascular mortality. Recently, a meta-analysis of over 4,000 patients was unable to show an increased risk of cardiovascular death regardless of ADT duration [36] . Nonetheless, the metabolic changes seen during the use of ADT have been demonstrated to confer excess cardiovascular risk in the general population, and close monitoring of modifiable cardiovascular risk factors is warranted. The science advisory statement from the American Heart Association, American Cancer Society, and American Urological Association recommends annual monitoring of blood pressure, lipid profile, and glucose level for men receiving ADT [14] .
While lipid levels and glucose tolerance are adversely affected by ADT as described in the metabolic section, blood pressure is not known to be affected by ADT. Blood pressure, however, is a modifiable cardiovascular risk factor and should be tightly monitored during ADT use to minimize overall cardiovascular risk. Blood pressure should be managed similar to that recommended for the general population: prehypertension should be aggressively treated with lifestyle modification, while stage 1 hypertension should be managed with lifestyle modification and antihypertensive medication. Stage 2 hypertension is treated similarly to stage I with the addition of a diuretic [37] .
Musculoskeletal

Muscle Loss.
Patients receiving ADT often report loss of muscle mass and muscle weakness, and ADT has been demonstrated to be associated with a decrease in muscle strength and functional performance [38] . Lean body mass has also been shown to decrease by 3.8% with one year of ADT [21] . Two randomized controlled trials have reported on the utility of a structured exercise program to counteract this loss of muscle mass. One trial randomized patients to 12-weeks of a resistance exercise program, done 3 times per week [39] . A second trial reported on a 12 week program of twice per week combined aerobic and resistance exercise [40] . Aerobic exercise included 15-20 minutes of cycling, walking, or jogging at 65-80% maximum exertion. Resistance exercises included chest press, seated row, shoulder press, triceps extension, leg press, leg extension, leg curl, abdominal crunches, and flexibility exercises. Both trials found that participants in the exercise programs had improved muscle strength, muscle mass, quality of life, and reduced fatigue. At the time of the initiation of ADT, patients should be provided recommendations regarding an exercise program that can be used to maintain muscular fitness during the course of ADT.
Osteoporosis.
Much has been published regarding the link between osteoporosis and ADT and subsequent fracture risk following therapy. ADT is used in a population where the baseline prevalence of osteopenia is as high as 46% and osteoporosis is 14% even prior to the initiation of any treatment [41] . Mechanistically, ADT has been shown to lead to microarchitectural decay in bone after 12 months of treatment [42] . An 8.5% decrease in bone mineral density (BMD) can be seen even after 48 weeks of ADT [43] . This has been linked to an increased risk for osteoporotic fracture during and after the use of ADT. A retrospective study of over 12,000 men demonstrated a relative risk of 1.21 for any fracture, 1.18 for vertebral fracture, and 1.76 for hip fracture for patients who had received ADT [44] . This increased risk has also been correlated to a number of doses of ADT administered [45] . Long-term ADT can increase the rate of osteoporosis to as high as 81% after 10 years of treatment [46] . Supplementation with 1200 mg calcium and 800 IU vitamin D daily has been shown to reduce the incidence of osteoporotic fractures in the general population over 50 years old [47] , but calcium and vitamin D alone are not sufficient to prevent bone loss in men undergoing ADT [43] . The addition of a bisphosphonate-pamindronate [43, 48] , alendronate [49] , or zoledronic acid [50, 51] has been shown to maintain or increase BMD during ADT and is generally well tolerated. Other agents have shown to be effective as well. A trial of 1,468 men receiving ADT randomized to denosumab, a RANKL inhibitor, given 60 mg SQ every 6 months versus placebo demonstrated a 5.6% gain in BMD at 2 years, versus a 1% loss in the placebo group, and was found to decrease the risk of vertebral fractures at 36 months to 1.5% from 3.9% in the placebo group [52] . Denosumab is currently FDA approved for both the prevention of ADT-induced bone loss and for the prevention of skeletal related events in patients with metastatic cancer, but is associated with severe hypocalcemia and osteonecrosis of the jaw [53, 54] . The selective estrogen receptor modulators raloxifene [55] and toremifene have also been used to improve BMD. A phase III randomized controlled trial of toremifene in 646 men demonstrated a reduction in new vertebral fractures from 4.9% in placebo group to 2.5% [56] . However, concern exists with hormonal agents for both their increased risk of venous thromboembolism and their modulation of hormone cascades, which has the potential to diminish the effectiveness of ADT.
Bone density can be assessed with dual-energy X-ray absorptiometry (DEXA). DEXA may be used at the start of ADT and monitored subsequently every 1-2 years as indicated. The National Osteoporosis Foundation recommends supplemental calcium (1,200 mg daily) and vitamin D3 (800-1,000 IU daily) for all men over age 50 years and an additional treatment for men when the 10-year probability of hip fracture is ≥3% or the 10-year probability of a major osteoporosisrelated fracture is ≥20% [57] . Encouragement of lifestyle measures (smoking cessation, moderating alcohol intake, and increasing weight-bearing exercise), along with calcium and vitamin D supplementation, should be routinely performed. Bisphosphonate use should be considered, especially for those men with osteoporosis or osteopenia at baseline [18, 58] or 10-year osteoporotic fracture risk of >20% by the FRAX model [59] .
Hot Flushes.
Hot flushes, also known as hot flashes or vasomotor flushing, are a common side effect of ADT, occurring in 80% of patients undergoing treatment. Up to 27% of patients receiving ADT report hot flushes to be the most troublesome treatment-related side effect [60] . Hot flushes are described as unpredictable episodes of intense warmth, most commonly occurring in the face and upper body that is often accompanied by diaphoresis that usually last less than 5 minutes [61] . Natural and complementary approaches to hot flushes have been tested with varying success. Herbal supplements, such as black cohosh, ginseng, licorice, and turmeric may have some benefit, but have not shown efficacy in randomized controlled trials. Weekly acupuncture for 12 weeks was able to demonstrate a 78% decrease in a hot flush symptom score and should be considered a reasonable treatment strategy [62] . Medical therapy with antidepressants and hormonal agents have also been studied. A small series examined transdermal estrogen, with 83% of men reporting an improvement in hot flushes, although an increase in breast swelling or nipple tenderness was reported [63] . Megestrol acetate given at 40 mg per day has also been shown to be effective at reducing the frequency of hot flushes [64] . A randomized controlled trial of patients having >14 hot flushes per week after 6 months of ADT was randomized to venlafaxine 75 mg daily, medroxyprogesterone acetate 20 mg daily, or cyproterone 100 mg daily. All three agents were able to decrease the frequency of hot flushes although both hormonal agents were more effective than venlafaxine [60] . However, there is a concern that hormonal agents may interact with the ADT and may even cause an increase in prostate specific antigen (PSA). As a result, venlafaxine, which is generally well tolerated, is more often considered the first-line treatment for ADT-induced hot flushes [65] .
Neurocognitive
6.1. Memory. There has been some concern for the decline of memory and neurocognitive function during ADT although existing data on this topic is highly conflicted. One prospective Australian study utilized interval neurocognitive battery testing in 50 men treated with ADT and found that 48% demonstrated decline in one cognitive task and 14% in two or more tasks at one year [66] , while a prospective trial of 244 patients was unable to demonstrate any evidence of neurocognitive function decline after ADT use for 12 months on a 12-test battery [67] .
Depression.
Depressive disorders have been reported to be more common in men receiving ADT. The proportion of men developing at least one depressive, cognitive, or constitutional disorder was 31.3% in men with prostate cancer undergoing ADT, compared to 23.7% in men with prostate cancer not receiving ADT, and 22.9% in a noncancer control group [68] . Men getting ADT should be informed of this potential side effect so that they can have increased awareness and seek rapid intervention. Radiation oncologists seeing men on ADT should be cognizant of mood disorders so that affected men can be appropriately referred for treatment.
Sexual
Erectile Dysfunction, Loss of Libido.
Onset of loss of libido is frequently seen within the first few months of initiation of ADT and is often followed by erectile dysfunction. Up to 73% of men ceased engaging in sexual activity after initiation of treatment, and 38% of patients getting an LHRH agonist reported sexual function as a "moderate" or "big" problem [69] . As in the general population, firstline treatment for ADT induced erectile dysfunction is phosphodiesterase-5 inhibitors, although these agents have been shown to have a reduced response rate in men who have received ADT. 4 months of ADT reduce the response rate to sildenafil at 24 months from 61% to 47% [70] . Other options for the management of erectile dysfunction follow the same paradigm as that for the general population and include penile implants, vacuum devices, and intracavernosal injections [65] .
Decreased Penile and Testicle Size, Thinning of Body Hair.
Men receiving ADT often notice a decrease in both penile and testicle size, as well as a thinning of body hair. For some men, these findings have a significant impact on self-image and quality of life. There are currently no interventions to reverse these side effects, so pretreatment counseling on expected side effects remains important.
Gynecomastia and Breast
Pain. ADT may lead to the development of gynecomastia and breast pain in as many as 70% of patients [71] . This can also have a significant Prostate Cancer 5 effect on a patient's sense of self-image and their overall quality of life. Two approaches have been taken in the prophylactic setting: tamoxifen 10 mg daily for 24 weeks and breast irradiation, both of which have been shown to significantly decrease the incidence of gynecomastia [71, 72] . Radiotherapy may include either single fraction (9) (10) (11) (12) or fractionated treatment (12-15 Gy given in 2-3 fractions) [73] [74] [75] . Once gynecomastia and breast pain have developed, the same two approaches have been used for treatment, but results in this setting favor the use of tamoxifen given 10-20 mg per day for 12 weeks [71, 72] . Although not studied, concern has been raised about the possibility of a synergistic neurocognitive impact of tamoxifen and ADT together. The aromatase inhibitor anastrozole has also been compared to tamoxifen for the treatment of gynecomastia and breast pain, with anastrozole having no significant reduction in symptoms and tamoxifen reducing gynecomastia from 73% to10% and breast pain from 39% to 6% [76] .
Conclusion
The administration of ADT is associated with a diverse set of known side effects which, when compiled, have a significant impact on a prostate cancer patient's quality of life, overall health, and possibly mortality. While the impact of these side effects can be diminished by early diagnosis and treatment, many of the current management strategies discussed in this paper do not yet appear in consensus guidelines for the treatment of prostate cancer. A compilation of management suggestions can be found in Table 1 . Radiation oncologists will serve an important role in advocating for the screening, diagnosis, and management of these side effects, as much of the current role for ADT is its concurrent use in combination with radiation therapy. Improved awareness of the farreaching effects of ADT by radiation oncologists will lead to a better identification of these ADT side effects and improved multidisciplinary care and, as a result, will mitigate much of the short-term and long-term impact that they can have on the patient.
